Abstract The objective of this study was to examine the effect of genetic variants in fat mass and obesity associated (FTO) gene on metabolic syndrome (MetS). A systematic literature search was performed and random-effects metaanalysis was used to evaluate genetic variants in FTO with MetS. A gene-based analysis was conducted to investigate the cumulative effects of genetic polymorphisms in FTO. A total of 18 studies from 13 published papers were included in our analysis. Random-effects meta-analysis yielded an estimated odds ratio of 1.19 (95% CI 1.12-1.27; P = 1.38 9 10 -7 ) for rs9939609, 1.19 (95% CI 1.05-1.35; P = 0.008) for rs8050136, and 1.89 (95% CI 1.20-2.96; P = 0.006) for rs1421085. The gene-based analysis indicated that FTO is strongly associated with MetS (P \ 10 -5 ). This association remains after excluding rs9939609, a SNP that was frequently reported to have strong association with obesity and MetS. In this study, we concluded that the FTO gene may play a critical role in leading to MetS. Targeting this gene may provide novel therapeutic strategies for the prevention and treatment of metabolic syndrome.
Introduction
Metabolic syndrome (MetS) refers to a cluster of metabolic abnormalities, including abdominal obesity, high triglycerides, diminished high-density lipoprotein (HDL) cholesterol, high blood pressure and elevated fasting glucose [1] . First described by Reaven [2] as 'syndrome X', MetS have a number of definitions published by different organizations, including the National Cholesterol Education Program Adult Treatment Panel III (ATP III) [3] , the International Diabetes Federation (IDF) [4] and the World Health Organization (WHO) [5] , and many others [6, 7] . The ATP III has become the most widely used definition, primarily due to its easiness in the diagnosis of MetS [8] .
Metabolic syndrome is a complex disorder that has strong genetic predispositions [9] [10] [11] [12] [13] [14] . Fat mass and obesity associated (FTO) gene is located in chromosome region 16q12.2 [15] and is found to play a critical role in energy balance system [16] . Genetic polymorphisms in FTO have been found to be associated with obesity [17] [18] [19] [20] [21] [22] [23] [24] and type 2 diabetes (T2D) [25, 26] . Since obesity and T2D are key features of MetS, it is not surprising that many genetic variants in FTO could also be associated with risks for MetS [27] [28] [29] [30] [31] . However, conflicting results were reported [26, [32] [33] [34] [35] [36] [37] .
In this study, we conducted a meta-analysis of the association of several genetic variants in FTO with MetS. Because MetS is a complex disorder, it is very likely that individual SNPs may contribute little to the onset and development of MetS. However, their combined effects may be significant. We therefore conducted a gene-based analysis to investigate the cumulative effects of the genetic variants in FTO on MetS.
Methods

Search strategy and study selection
We did an extensive literature search in September 2011 in MEDLINE, Cochrane Library, Web of Science and Google Scholar. Search terms included ''metabolic syndrome'', ''syndrome X'', ''genetic variant'', ''SNP'', ''polymorphism'' and ''FTO''. Studies were included in our analysis if they met the following criteria: (1) studies on human subjects; (2) provided a clear definition of metabolic syndrome; (3) reported association of individual SNPs in FTO with MetS; and (4) provided odds ratios (OR) and its variance (or data to calculate the variance), or genotype frequency among participants with and without MetS. All potentially relevant publications were retrieved and evaluated for inclusion. References of all relevant publications were also hand searched for additional studies missed by the database search. Only studies published in the English language were included. Two authors (Haina Wang and Jingyun Yang) performed the search independently. Disagreement over eligibility of a study was resolved by the evaluation of a third reviewer (Shuqian Dong) until a consensus was reached.
Data extraction
Two reviewers independently extracted the following data according to a pre-specified protocol: first author's name, year of publication, country of origin, name of the study cohorts, study population characteristics (sample size, age, sex, and prevalence of metabolic syndrome), definition of metabolic syndrome, genetic models (additive, dominant, recessive or allelic) used for association study, genotype frequency among participants with and without MetS, or OR and its variance (or data for calculation of the variance) of having metabolic syndrome and confounding factors controlled for. Discrepancies were resolved by discussion. Extracted data were entered into a computerized spreadsheet for analyses.
Statistical analysis
Odds ratio was used as a measure of the association of the genetic variants in FTO with MetS. ORs were used as provided in the papers; otherwise, they were calculated from genotype frequency data. ORs were logarithmically transformed to normalize the distributions and standard errors were derived from the confidence intervals (CI) reported in each study. We used random-effects models to calculate OR and the corresponding 95% CI. The Z-test was used to calculate the P value of the overall effect for the meta-analysis. We used forest plot to graphically present the calculated pooled OR and its 95% CI. Each study was represented by a square in the plot, the area of which is proportional to the weight of the study. In the random-effects model, we used the inverse of the variance of each study as the weight for the study. The overall effect from meta-analysis is represented by a diamond, the width of which represents the 95% CI for the estimate. Between-study heterogeneity was assessed using Q statistics. We consider studies to be homogeneous if P [ 0.1 since Q statistics is under powered. Publication bias was assessed visually using a funnel plot and tested with Egger's regression test [38] .
In order to assess the overall association of FTO with MetS, we conducted a gene-based analysis using the reported P values of the association of genetic variants in FTO with MetS and the P values from our meta-analysis. This association was assessed using four popular P value combination methods: the Fisher's method [39] , the Simes method [40] , the modified inverse normal method [41] , and the truncated product method (TPM) [42] . For a detailed description of the four methods, see Supplementary materials. Because the P values of the association of individual SNPs within FTO with MetS are most likely to be dependent, we used 100,000 simulations to estimate the P value for TPM.
Meta-analysis was performed using Stata 11.2 (StataCorp LP, College Station, TX). All the other analyses were performed using Matlab 7.10.0.499 (The MathWorks, Inc., Natick, MA).
Results
Literature search and eligible studies Figure 1 is the flow diagram showing the process of selection of studies included in our analysis. Using our predefined search strategy, we identified a total of 26 potential studies through our initial search. After screening of the abstract of these studies, five were excluded either because they were irrelevant or the studies were not about human subjects. The remaining 21 studies were retrieved for more detailed evaluations, which excluded an additional nine studies because the outcome of interest is not MetS or a review study, leaving 12 potentially relevant studies to be included in our analysis. A further review of the references of these studies and review papers identified six more studies. A total of 18 studies from 13 papers met the eligibility criteria and were included in our analyses [26-31, 33-37, 43, 44] .
All included studies were published since 2008 and had sample size ranging from 236 to 21,674 participants. Prevalence of MetS ranged from 7 to 81% (Table 1) . Of these 18 studies, 14 studies reported association results for rs9939609, four studies for rs8050136 and rs1421085. They were included in the corresponding meta-analysis for each of the three SNPs. The combined study population included 33,543 participants in the meta-analysis of rs9939609, 25,801 of rs8050136, and 2,467 of rs1421085. In addition to these three SNPs, Wang et al. [33] , Hotta et al. [30] , and Steemburgo et al. [36] reported genetic association of ten other SNPs in FTO with MetS. Their results, together with our meta-analysis results, were included in our gene-based analysis.
Assessment of publication bias
Both funnel plots and Egger's test were used to assess publication bias (Fig. 2a-c) . The funnel plot for rs9939609 seems asymmetrical, suggesting evidence of publication bias. Egger's test shows some publication bias (t = 2.83, 95% CI 0.30-2.31; P = 0.015). No publication bias was detected for the meta-analysis of rs8050136 (t = 0.69, 95% CI -4.35-6.02; P = 0.561), and rs1421085 (t = 1.12, 95% CI -4.57-7.78; P = 0.38).
Association of individual SNPs with MetS
Fourteen studies provided results on association of rs9939609 with MetS. Random-effects meta-analysis gives an estimated OR of 1.19 (95% CI 1.12-1.27; P = 1.38 9 10 -7 ), indicating a strong association of the SNP with MetS ( Fig. 3a; Table 2a ). There was modest between-study heterogeneity (Q = 21.35, P = 0.066).
Four studies provided results on association of rs8050136 with MetS. Random-effects meta-analysis gives an estimated OR of 1.19 (95% CI 1.05-1.35; P = 0.008), indicating significant association with MetS ( Fig. 3b ; Table 2b ). There was modest between-study heterogeneity (Q = 6.395, P = 0.09).
Four studies provided results on association of rs1421085 with MetS. Random-effects meta-analysis gives an estimated OR of 1.89 (95% CI 1.20-2.96; P = 0.006), indicating significant association with MetS ( Fig. 3c ; Table 2c ). There was significant between-study heterogeneity (Q = 8.610, P = 0.035).
In addition to the above three SNPs, Wang et al. [33] , Hotta et al. [30] , and Steemburgo et al. [36] reported association of ten other SNPs in FTO with MetS. Their estimates, together with the meta-analysis results obtained from this study, were summarized in Table 3 .
Gene-based analysis Using the P valued obtained from association of individual SNPs with MetS, we performed a gene-based association study to examine the cumulative association of these genetic variants with MetS. All the four methods indicated strong association of FTO with MetS (all P \ 10 -5 , Table 4 ). Additionally, we examined whether the observed association between FTO and MetS was driven by rs9939609, which was widely reported to have strong association with obesity and MetS. After removing this SNP, the gene-based association was attenuated, but remained statistically significant (Table 4) . Another SNP, rs1558902, also showed significant association with MetS (P = 6.39 9 10 -5 ). Further excluding this SNP in the gene-based analysis did not change dramatically the results. Thus, the observed association of FTO with MetS is unlikely dominated by these two SNPs.
Discussion
In this paper, we did a systematic literature search of studies on the association of genetic variants in FTO with MetS. Our meta-analysis confirmed the association of three SNPs in FTO with MetS. Gene-based analysis indicates that FTO is strongly associated with MetS and this association is not dominated by rs9939609, a SNP that was widely reported to have strong association with obesity. To our knowledge, this is the first study to examine the association of FTO with MetS through a gene-based approach. The SNP rs9939609 is a common genetic variant in FTO that has been frequently reported to be associated with obesity [17, 22, 23, 45, 46] and in many studies with MetS [27, [29] [30] [31] 34] . A study by Freathy et al. [34] reported that data from Oxford Biobank [47] , UK T2D GCC controls [32] , and InCHIANTI [48] yielded insignificant association with MetS. A meta-analysis involving 12,555 participants reported an OR of 1.17 (95% CI 1.10-1.25, P = 3 9 10 -6 ) [34] . Our meta-analysis involving 33,543 participants yielded a very similar OR of 1.19 (95% CI 1.12-1.27). Our study thus provided updated meta-analysis and confirmed the strong association of this SNP with MetS (P = 1.38 9 10 -7 ; Table 2a ). Different from previous studies, our metaanalysis found a significant association of rs8050136 with MetS (Table 2b ) with an OR of 1.19 (95% CI 1.05-1.35; P = 0.008) [33, 35] . Inconsistent results were also reported for rs10421085 [28, 30, 33, 43] . Our combined analysis yielded OR of 1.89 (95% CI 1.20-2.96) for rs10421085, indicating a significant association of the SNP with MetS (P = 0.006; Table 2c ).
It is well known that for complex disorders, individual SNPs often exhibit modest association [49] . However, the combination of multiple genetic variants may have a larger effect which could be missed by SNP-based analysis that focuses only on most significant SNPs [50] . In this study, except rs9939609 and rs1558902, which show the strongest association (both P \ 10
), other SNPs show much less significant to insignificant association with MetS (Table 3 ). The gene-based analysis indicates a strong association of FTO with MetS, and this association is not driven by rs9939609 and rs1558902 ( Table 4 ), implying that the gene-based analysis successfully captures the cumulative effects conferred by individual SNPs. This distinguished our study from most previous studies which focused only on individual SNPs in exploring the association with MetS [27-29, 33-35, 37, 43] .
There are some limitations to our study. First, different genetic models were used in testing the genetic association ( Table 1) . One of our assumptions for the analysis is that different models should yield similar estimation of the association with MetS, which might not be held in practice. Second, we could only perform meta-analysis for three SNPs out of the 13 SNPs covered in this paper. The associations of the remaining ten SNPs were based on individual studies which might not have a large sample size. Further studies are needed to validate the association of these individual SNPs with MetS. Third, definition of MetS is not consistent across the 18 studies covered in the meta-analysis. Furthermore, different variables were controlled in the genetic association studies considered in this paper (Table 1) .
In summary, we confirmed strong association of rs9939609, rs8050136, and rs10421085 in FTO with MetS by meta-analysis. The gene FTO is strongly associated with MetS. These results provide updated evidence that FTO gene may play a critical role in leading to MetS and 
